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Abstract. For high dynamic excitation, e.g. by earthquakes, the vibrations of steel
structures lead to inelastic material behavior. Hystereses, developing under cyclic loading,
are responsible for the dissipation of energy. Additionally, stress concentration at small
defects results in the nucleation and the growth of microvoids which is referred to as
damage, here especially as ultra low cycle fatigue. The material damage influences the
stiffness of a structure and its response to dynamic excitation. With increasing load the
voids can coalesce and form a macrocrack which destroys the structural integrity and peril
the overall safety.
A material model is proposed which describes the evolution and distribution of inelastic
strains and isotropic ductile damage for mild construction steel by means of a set of
internal variables. Viscoplasticity as well as isotropic and kinematic hardening are taken
into account. The evolution of isotropic hardening is related to the growth of a strain
memory surface which accounts for the strain amplitude history of the material. Under
tension isotropic ductile damage develops for significant inelastic strains [1].
The material model is implemented in the frameworks of the finite element method
with displacement based ansatz functions. The equation of motion is solved with the
Newmark method. To overcome the phenomenon of vanishing dissipation energy in case
of mesh refinement due to strain localization a nonlocal extension in the form of an implicit
gradient formulation is applied.
The presented model is used to analyse 3D structures subjected to seismic excitation.
1 INTRODUCTION
The energy induced to steel structures by earthquakes is dissipated mainly by inelastic
deformations at predefined regions within the structure. The repeated straining of the
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material may lead to failure of structural members and a subsequent collapse of the
complete structure.
Before macrocracks become visible it has been observed that the stiffness and strength
of low alloy steel is deteriorated by microcracks [2, 3] which evolve from voids in the
microstructure and are referred to as damage [4]. For monotonic loading with considerable
strains ductile damage develops and in case of earthquakes the cyclic ductile damage
evolution is often referred to as ultra low cycle fatigue.
This paper focuses on a method to predict isotropic ductile damage for cyclic straining.
For that purpose, a continuum damage model is developed in the framework of thermody-
namics taking into account the evolution of isotropic and kinematic hardening, softening,
and damage.
Under cyclic loading the material is subjected to alternating stress states. The de-
ployment of damage under tension and compression is different as pressure may close
the voids in the material matrix. For the evolution of damage under compression var-
ious approaches exist[5, 6, 7]. Within the present work, under hydrostatic compression
the evolution of damage is inactive and the effect of damage on the material stiffness is
reduced.
To account for the relationship between hardening and the inelastic strain amplitude
history a strain memory surface is included in the model. It evolves when a strain state is
approached which exceeds the previous maximum strain level. The evolution of isotropic
hardening depends on the size of the strain memory surface.
Damage and softening are always accompanied by localization of deformations in small
process zones whose size is characteristic for the material. For FE-analyses the element size
in the damaged region serves as size of the process zone and results are mesh-dependent.
As a remedy an implicit gradient enhanced formulation [8, 9] for a non-local damage
variable is introduced which includes an additional material-dependent parameter to affect
the size of the process zone.
2 MATERIAL MODEL
The mathematical description is achieved by a set of ordinary differential equations of
first order with respect to time. The current state of the material is described by internal
variables and related evolution equations, which depend on the effective stress and strain
quantities
σ˜ =
1
1− h · D¯ · σ , ε˜ = (1− h · D¯) · ε (1)
in accordance to the principle of energy equivalence [10]. The crack closure parameter h
takes into account that some but not every microcrack closes under compression (h < 1.0)
while for tension (h = 1.0) all voids reduce the net area [4]. D¯ is devoted to the nonlocal
damage variable. The material model for the description of the coupled viscoplastic and
damage behavior is given in 3D.
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2.1 Viscoplastic material with hardening
Assuming small strains an additive decomposition of elastic and inelastic strain rate is
admissible with the elastic strain rate based on Hooke’s law
ε˙ = ε˙el + ε˙in , ε˙el =
d
dt
(
E˜−1 : σ
)
. (2)
The inelastic viscoplastic deformations follow the approach by Chaboche and Rousselier
[11, 12], yielding
˙˜εin =
∂σ˜ex
∂σ˜
p˙ (3)
with
p˙ = ε˙0
〈
σ˜ex
σp
〉n
. (4)
The effective over-stress σ˜ex governs the viscoplastic material behavior and is determined
by a modified yield criterion based on Gurson [13] and Tvergaard and Needleman [14]
σ˜ex = σ˜eq − σY −K =
√
3J2(σ˜ −X)d + D¯ (J1(σ˜ −X))2 − σY −K (5)
with the initial yield strength σY . The first and the second invariant
J1(σ˜ −X) = 1
3
tr(σ˜ −X) , J2(σ˜ −X)d = 1
2
tr((σ˜ −X)d · (σ˜ −X)d) (6)
are computed with respect to the effective active stress tensor σ˜−X and the effective active
stress deviator (σ˜−X)d, respectively. The kinematic hardening X develops according to
X˙ = a
(
2
3
C
∂σ˜eq
∂σ˜
−X
)
p˙ . (7)
The yield function considers isotropic hardening K for which the evolution equation is
given by
K˙ = b(Q−K)p˙ . (8)
The parameters a and b describe the velocity of hardening evolution while the maximum
values of hardening are defined by the parameters C and Q, respectively.
Figure 1 depicts the v. Mises yield cylinder and the contraction of the yield surface
combined with a formation of caps due to damage.
2.2 Strain Memory Surface
Experiments have revealed that cyclic hardening depends on the strain amplitude and is
coupled to the maximum strain level. In particular the evolution of hardening is different
for decreasing and increasing strain amplitudes. A strain memory surface M
M =
2
3
(ε˜in − β)(ε˜in − β)− q2 ≤ 0 (9)
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Figure 1: Evolution of the yield surface with emerging damage
is proposed to capture the strain loading history. It depends on the variables β and q,
where β describes the center of the surface and q specifies its radius in the strain space.
Their evolution is given by
β˙ = (1− c) ˙˜εin,
q˙ = c (nF )
T nM p˙
}
M ≥ 0 , β˙ = 0,
q˙ = 0
}
M < 0 (10)
where nF and nM are the normals to the yield surface and the strain memory surface,
respectively.
For a virgin material without hardening effects Figure 2 shows the evolution of the
strain memory surface in the two-dimensional principal strain plane. A significant large
one-dimensional load step shall result in the stress state A and the inelastic strain ∆ε˜inA in
the direction of nF,A. The center of the strain memory surface ∆βA evolves corresponding
to the inelastic strain tensor. For the first inelastic step nM is supposed to be equal to
nF and the change in size of the surface ∆qA is equal to half the value of ∆ε˜
in
A . Further
inelastic strain evolution inside the surface does not influence its properties. For the
multiaxial stress state given at point B the inelastic strain develops outside the surface
(M > 0) and denotes a new level of strain amplitude. Since nF is not equal to nM the
enlargement ∆qB is less than half the absolute value of inelastic strain.
The approaches to describe the saturation value for isotropic hardening Q range from
linear function [15] to exponential functions [16] with additional parameters. Within this
work, the evolution of the saturation value of isotropic hardening Q is assumed to be a
linear function
Q˙ = QK · q˙ (11)
4
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Figure 2: Evolution of the strain memory surface
with the parameter QK .
2.3 Damage Evolution
The onset of damage is determined by a damage threshold surface as experiments
have shown that the nucleation of cavities does not occur for cyclic loading with small
amplitudes. In the model presented here damage evolution is prohibited if the equivalent
plastic strain is smaller than a parameter εinD
ε˜in,+eq − εinD ≤ 0 −→ D˙ = 0 ,
> 0 −→ D˙ > 0 . (12)
Furthermore it is assumed that damage does not grow for compression states. The two
terms of the damage evolution equation
D˙ = (c1 + c2e
−c3 p+)p˙+ + c4(c5 − D¯)
〈
tr
(
∂σ˜ex
∂σ˜
p˙+
)〉
(13)
consider transient and saturation behavior in damage evolution as well as damage due to
volumetric yielding and depend on the damage parameters c1 - c5.
The nonlocal damage variable D¯ is obtained from structural FE-analysis by an implicit
gradient enhanced formulation following Equation (15). The material behavior and the
governing equations are described in detail in [1].
Stresses and internal variables are determined from the material equations and the
displacement field by the implicit Euler approach with first order accuracy. Moreover a
local iteration scheme improves the convergence of the global FE-analysis.
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3 DISCRETISATION IN TIME AND SPACE
For the numerical space-time domain analyses the weak form of the equation of motion
can be obtained from the principle of virtual work∫
Ω
δu · ρu¨dΩ +
∫
Ω
δu ·Cu˙dΩ +
∫
Ω
δε : σdΩ =∫
Ω
δu · pdΩ +
∫
∂Ω
δu · t¯d∂Ω +
∫
Ω
δu · ρu¨gdΩ . (14)
Assuming linear kinematics Equation (14) is discretized in space with the finite-element
method, while the generalized Newmark method is applied for the integration in time.
Here, the parameters are set to α = 1
2
and β = 1
4
which implicitly approaches the state
variables by a linear evolution.
The softening of the material accumulates in process zones. For local damage models
the mesh size serves as width for the process zone and results become mesh-dependent. In
nonlocal models an additional material-specific parameter called internal length lc defines
the size of the process zone and serves as a numerical parameter regularizing the solution.
Here, an implicit gradient formulation is applied [8, 9, 17], which governs the spatial
distribution of locally developed damage D, see Equation (13), to the nonlocal substitute
D¯ by the partial differential equation
D¯ − l2c∇2D¯ = D . (15)
The weak form of the partial differential equation for the nonlocal damage field D¯ results
from weighted residua∫
Ω
(
δD¯
(
D¯ −D)+∇δD¯ l2c ∇D¯) dΩ− l2c ∫
∂Ω
δD¯ n∇D¯ d∂Ω = 0 (16)
with the virtual nonlocal damage δD¯ and is discretized in space by the finite-element
method. It is assumed that the nonlocal distribution is time-independent.
For 3D analyses triquadratic twentyseven-node brick elements are used for the spatial
discretization of the displacement and the damage field.
4 STRUCTURAL ANALYSIS
The following examples demonstrate the ability of the model to describe the evolution of
damage for steel constructions under different loading conditions. The material-dependent
model parameters are determined from experimental data via genetic algorithms (see [18]
for further information).
The accuracy of the material model is evaluated by means of recalculations of experi-
ments on compact tension specimens [19] under monotonic loading.
The distribution of damage for the CT-specimen is shown in Figure 3 for the moment
the opening displacement ∆u at the left boundary reaches 5 mm. Three quarters of the
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specimen are depicted. It can be seen that damage starts inside the specimen due to the
multiaxial stress state in the middle while at the boundaries a rearrangement of stresses
occurs. The results indicate that the developed damage model is able to reproduce the
experimental investigations correctly.
∆

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



Figure 3: Distribution of damage for a CT-specimen under constant loading [18]
In a second application, the model is applied to a cantilever with an IPE 80 profile.
The cantilever of 5m height is subjected to the north-south component of the Kobe
earthquake from 1995. The earthquake causes inelastic cyclic straining in the bottom
part of the cantilever resulting in material damage evolution at the base of the cantilever
which ist shown in Figure 4. It can be seen that damage occurs in the flanges which
are subjected to high alternating tension and compression. Evidently the shear bands
accumulate damage and weaken the structure.






Figure 4: IPE 80, distribution of damage after seismic loading [18]
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5 CONCLUSIONS
A nonlocal damage model for structural steel regarding viscoplastic material behavior,
isotropic and kinematic hardening as well as isotropic damage is developed in order to
estimate the amount of damage in steel structures subjected to inelastic cyclic straining
as it may occur under seismic excitation. For the description of damage evolution, ductile
damage is taken into account whereas damage evolution is only active for tension and sig-
nificant inelastic strain. The phenomenon of strain localization which always accompanies
softening and damage is described by a nonlocal implicit gradient enhanced formulation.
It is shown, that the proposed model can be employed to assess the damage state of
steel structures for different loading conditions. The applicability of the presented model
to other kinds of steel or other cyclic loading conditions persists. Increasing computing
power and parallel computing enhance the application of continuum damage analyses of
complex three-dimensional structures.
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